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Description 

METHOD FOR PREPARING ULTRA-FINE, 
SUBMICRON GRAIN TITANIUM AND 
TITANIUM-ALLOY ARTICLES AND 
ARTICLES PREPARED THEREBY 

Background of Invention 

[0001] The present invention generally relates to a method for 
preparing titanium and titanium-alloy articles and more 
specifically to a method for preparing ultra-fine, submi- 
cron grain titanium and titanium-alloy articles and articles 
prepared thereby. 

[0002] Currently, in the fabrication of titanium and titanium-alloy 
articles, thermal or heat-treating processes are included 
in the manufacturing process. These steps are to ensure 
that material grain size is produced and maintained at a 
level that is as small as possible. As such, it is the normal 
practice to employ a full annealing, i.e. recrystallization, 
or at least stress-relieving heat treatment steps in con- 



junction with any cold or hot work or forming performed 
on the material. There have been exhaustive attempts to 
eliminate these thermal treatment, or heat-treating, man- 
ufacturing process steps, which can account for up to ap- 
proximately 20% of the costs not to mention processing 
cycle time associated with producing a titanium or tita- 
nium-alloy article or fastener, such as a rivet, lockbolt or 
threaded pin. 

[0003] The resulting grain size of formed material is critical to 
both its ductility and strength among other properties. In 
general, grain sizes larger than or equal to those identi- 
fied as a number 6 (i.e., less than or equal to a number 5 
as defined by ASTM E 112) are not desirable for most me- 
chanical work or forming operations. Currently, grain 
sizes of formed material typically range from a grain size 
of 6 to 10. A duplexed grain size, defined as a significant 
difference in grain size depending upon location, should 
also be avoided. Grain size is of special importance and 
generally increases in the degree of importance as the 
material is mechanically formed or deformed to larger lev- 
els. As a rule, the finer the grain, the better the resulting 
formability. Recent research by Gysler et al. on "Influence 
of Grain Size on the Ductility of Age-Hardened Titanium 



Alloys" has documented the directly proportional relation- 
ship between smaller grain size and improved material 
properties in titanium and titanium-alloy materials. It has 
been shown that smaller grain size improves the strength 
of the material, increases ductility, and enhances the cor- 
rosion resistance. 

[0004] Currently, in the fabrication of titanium and titanium-alloy 
articles or components, such as fasteners, additional ther- 
mal or heat treatment steps are necessary and included in 
the manufacturing process. These subsequent steps are 
intended to counteract or offset the effects on grain size 
resulting from of the mechanical working or forming im- 
parted to the material during its manufacturing process. 

[0005] As indicated earlier, grain size is of special importance 

and generally increases in the degree of importance as the 
material is formed in progressively higher levels of manu- 
facturing. As a rule, the finer the grain, the better the 
formability and other associated characteristics. This has 
been known to be the case in aluminum and aluminum al- 
loys for a long period of time and is consequently well- 
documented. For titanium and titanium-alloys, not as 
much work has been done in documenting the relation- 
ship between grain size and other material properties. 



[0006] However, recent research has documented the directly 

proportional relationship between smaller, i.e., finer, grain 
size and improved material properties in titanium and ti- 
tanium-alloy materials. It would therefore be desirable to 
provide a process for forming titanium and titanium-alloy 
articles having smaller grain sizes while reducing the 

number of processing steps. 
Summary of Invention 

[0007] The present invention utilizes severe mechanical defor- 
mation achieved preferably by cryogenic milling (or cry- 
omilling) and consolidating to form a titanium or tita- 
nium-alloy article, thereby producing a material with a 
microstructure having a significantly reduced grain size as 
well as improved homogeneity. 

[0008] it is desirable to utilize cryogenic milling technology to 
achieve severe mechanical deformation in the processing 
of titanium or titanium-alloy articles to achieve ultra-fine, 
submicron grain metallurgical structures without a subse- 
quent thermal treatment or heat-treating processing step. 
Cryogenic milling or cryomilling is a powder metallurgy 
process that modifies the chemical and metallurgical 
structural make-up of metallic materials. When the cry- 
omilling, i.e., cryogenic milling, process, which uses a 



high-energy, attritor-type ball milling device, is applied to 
metal-alloy powders, the metallic material's microstruc- 
ture is significantly reduced through severe mechanical 
deformation to an extremely fine powder consistency and 
then is eventually re-consolidated. As has been demon- 
strated with aluminum and aluminum-alloy materials, the 
cryomilling process produces a submicron grain mi- 
crostructure in the processed material. 
[0009] From recent tests on aluminum and aluminum alloys, it 
has been determined that this resulting cryomilled, 
nanocrystalline material microstructure produced in such 
a manner has shown improved material properties, the 
majority of which are directly a result of the submicron 
grain size. 

[0010] By applying the cryomilling process to titanium and tita- 
nium-alloy materials, grain size can be significantly re- 
duced, thereby producing material with improved proper- 
ties in lieu of the need for subsequent thermal treatment 
or heat-treatment procedures. Consequently, the overall 
manufacturing process for titanium and titanium-alloy 
components and fasteners can be shortened by using the 
cryomilled, submicron grain material instead of the stan- 
dard, larger coarse grain size annealed material while 



providing nanocrystalline material with dramatically im- 
proved properties, which directly result from the signifi- 
cantly reduced grain size. 

[001 1] The fastener or component would then be produced from 
the "as-formed" or "F" condition directly from the cry- 
omilled, nanocrystalline material without the need for ad- 
ditional, in-process thermal treatment or heat-treatment 
steps. This would reduce the fasteners" manufacturing 
costs as well as eliminate the possibility of fasteners being 
heat-treated improperly. Also, associated improvements 
in the fasteners' properties and performance can be real- 
ized as a result of the ultra-fine, submicron grain, 
nanocrystalline metallurgical structure produced by the 
cryomilling process. 

[0012] Current manufacturing practices call for considerable ef- 
forts, which involve additional heat-treatment processing 
steps, to be taken in the processing of titanium and tita- 
nium-alloy materials in order to ensure that the resulting 
material grain size is maintained at a level that is as small 
as possible. By using cryogenically-milled material, these 
additional manufacturing steps, i.e., thermal or heat 
treatment, could be eliminated while improving upon not 
only the resulting material's grain size, but other associ- 



ated material properties as well. 

[0013] By combining the cryogenic milling, i.e., mechanical alloy- 
ing of metal powders supercooled in liquid hydrogen or 
nitrogen, with titanium powder metallurgy, ultra-fine, 
submicron grain nanocrystalline materials that result may 
be produced in the form of extrusions and forgings. The 
cryomilling produces a high strength, stable ultra-fine, 
submicron grain size material powder. After the cry- 
omilled powder has been re-consolidated through a HIP- 
ing process, the resulting nanocrystalline grain size is ho- 
mogeneous and submicron. Once the cryomilled powder 
has been consolidated, it may be extruded or drawn into 
various shapes that can be used to manufacture high 
strength titanium and titanium-alloy components and ar- 
ticles, such as aerospace fasteners. 

[0014] The processed nanocrystalline material is then capable of 
being subjected to the normal manufacturing steps asso- 
ciated with typical fasteners, including cold- or hot- 
working, but not requiring the additional subsequent 
thermal treatment steps. Moreover, more control of the 
process and alloy chemistry parameters will allow the me- 
chanical and chemical properties, e.g., corrosion resis- 
tance, to be tailored in order to meet the requirements of 



high-strength fasteners better than conventional, heat- 
treated titanium-alloy fasteners, such as Ti-6AI-4V. A 
primary cause of these improved benefits is the absence 
of coherent precipitation hardening phases that are com- 
mon in conventional thermal treatments of titanium or ti- 
tanium alloys. These phases promote plastic strain local- 
ization, i.e., cracking and stress corrosion cracking. 

[0015] | n one aspect of the invention, a method for making an 

ultra-fine, submicron grain titanium or titanium-alloy ar- 
ticle includes, providing a coarse grain titanium or tita- 
nium-alloy material having a first grain size, cryogenically 
milling the coarse grain titanium or titanium-alloy mate- 
rial into an ultra-fine, submicron grain agglomerated ma- 
terial in an at least partially nitrogen, carbon, hydrogen, 
and iron atmosphere, degassing the ultra-fine, submicron 
grain titanium or titanium-alloy agglomerated material, 
densifying or consolidating the ultra-fine, submicron 
grain material to form a consolidated or fully-densified 
ultra-fine, submicron grain high-strength and extremely 
homogenous material, and mechanically forming or fabri- 
cating the article from said fully-densified ultra-fine, sub- 
micron grain titanium or titanium-alloy material. 

[0016] The process of the present invention advantageously gen- 



erates ultra-fine, submicron grain material microstructure 
having significantly improved properties without the use 
of subsequent thermal treatment or heat-treating proce- 
dures. Consequently, the overall manufacturing process 
period for titanium or titanium-alloy material articles, 
such as fasteners, can be shortened, thereby reducing 
manufacturing costs and associated cycle time while elim- 
inating or reducing the possibility of processing variabili- 
ties with the fasteners, such as those properties that re- 
sult from being improperly heat-treated. 
[0017] Also, associated improvements in various mechanical 

properties, such as ductility and fracture toughness, may 
be realized as a result of the resultant ultra-fine, submi- 
cron grain metallurgical structure within the article pro- 
duced by the cryogenic milling process as compared with 
articles produced using prior or current art manufacturing 
processes. This could lead to substantial cost reductions 
depending upon the application of the articles produced 
using this process. For example, fasteners made accord- 
ing to this new process that are used in the aerospace in- 
dustry could be reduced in size and still have the same 
level of mechanical properties. Further, these increased 
mechanical properties could lead to an overall reduction 



in the quantity of fasteners currently needed to secure, 
join together, or otherwise assemble detailed structural 
components. Both reduced quantity and size of fasteners 
could thus lead to further increased cost and labor sav- 
ings as compared with the prior art. 
Brief Description of Drawings 

[0018] Figure 1 is logic flow diagram for producing an ultra-fine, 
submicron grain titanium or titanium-alloy article from a 
titanium or titanium-alloy raw material powder according 
to a preferred embodiment of the present invention. 

[0019] Figure 2 is a sectional view of a high-energy cryogenic, 

attritor-type ball milling device used in the mechanical al- 
loying portion, step 14, of the process delineated by Fig- 
ure 1. 

[0020] Figures 3A-3E are perspective views for forming a fas- 
tener by a mechanical cold-forming technique according 
to one preferred embodiment of the present invention 
from the ultra-fine, submicron grain titanium or titanium- 

loy material produced in Figure 1. 
Detailed Description 

[0021] Referring now to Figure 1, a logic flow diagram for pro- 
ducing a titanium or titanium-alloy article having an ul- 



tra-fine, submicron grain metallurgical structure is shown 
generally as 10. The process starts in step 12 by intro- 
ducing a coarse grain titanium or titanium-alloy raw ma- 
terial powder into a high-energy cryogenic, attritor-type 
ball milling device. The titanium or titanium-alloy material 
powder listed above may be comprised of any titanium or 
titanium-alloy material as is well known in the art. Com- 
mercially pure (CP) and binary titanium alloys, such as p- 
Ti-Mo and a-Ti-AI, including two preferred compositions 
of Ti-6AI-4V and Ti-5AI-2.5Sn, are specifically addressed 
by this invention. 

[0022] The cryogenic milling process including temperature and 
the introduction of other gasses is controlled. The gasses 
may include argon, helium, and/or nitrogen to form ox- 
ides of titanium or nitrates of titanium. The temperature is 
controlled using a supercooled liquid gas source such as 
liquid argon or liquid nitrogen. In one example, the mill is 
maintained at about -320T. 

[0023] | n s tep 14, the initial, coarse grain titanium or titanium-al- 
loy raw material powder is introduced into the mill and is 
processed by stirring, preferably using a medium such as 
stainless steel balls, within the high-energy cryogenic, at- 
tritor-type ball milling device to fully homogenize the raw 



feed stock material and to impart severe mechanical de- 
formation to produce an ultra-fine, submicron grain mi- 
crostructure. The initial grain size is preferably under a 
grain size of 6 as defined by ASTM E 112. The resulting 
grain size is preferably in the range of 400 to 100 
nanometers, and, more preferably, between 300 and 100 
nanometers. The stirring rate and length of time within 
the cryogenic milling device is dependent upon the type 
and amount of material introduced to the device, the tita- 
nium or titanium-alloy material within the device, and the 
size of the chamber used for mixing the titanium or tita- 
nium-alloy material. In one embodiment the speed of the 
attritor was approximately 100-300 RPM for roughly eight 
hours. 

[0024] | n step i5 j tne homogenized, agglomerated raw material 
powder is degassed. This may be performed in a separate 
device after removal from the cryogenic, attritor-type ball 
milling device. The degassing is an important step for 
eliminating gas contaminates that jeopardize the outcome 
of subsequent processing steps on the resulting material 
quality and may take place in a high vacuum, turbomolec- 
ular pumping station. In step 18, after degassing and re- 
moval from the cryogenic milling device, the powder ma- 



terial is consolidated to form a titanium or titanium-alloy 
material having an ultra-fine, submicron grain particle 
size. The consolidation may take the form of hot isostatic 
pressing (HIP). By controlling the temperature and pres- 
sure the HIP processing densifies the material. The densi- 
fication process may take place in a controlled, inert at- 
mosphere such as in a nitrogen or an argon gas atmo- 
sphere. Other processing such as a Ceracon-type, non- 
isostatic forging process may be used. This may allow an 
alternative, quasi-hydrostatic consolidation process to the 
HIP process step. 
[0025] | n s tep 20, the resulting titanium or titanium-alloy ultra- 
fine, submicron grain material is subjected to normal 
manufacturing steps associated with typical aerospace ar- 
ticles or components, such as fasteners, including but not 
limited to mechanical cold- or hot-working and cold- or 
hot-forming, but not requiring the associated thermal or 
heat-treatment steps. This is shown further below in Fig- 
ures 3A-E. 

[0026] one benefit of the material produced in accordance with 
this invention is that no subsequent thermal treatment is 
necessary in most applications. A subsequent thermal 
treatment may be performed, however, when necessary. In 



step 22, the formed articles or components may be artifi- 
cially-aged in an oven for a pre-determined amount of 
time. For commercially pure (CP) titanium, the titanium is 
kept in the oven for approximately 12 hours at between 
approximately 900°F and 950°F. The articles or compo- 
nents are then available for use. For the aerospace indus- 
try, these articles or components include fasteners, such 
as rivets, threaded pins, lockbolts, etc., and other small 
parts, such as shear clips and brackets, for use either on 
spacecraft, aircraft, or other associated airframe compo- 
nent assemblies. 
[0027] The overall process begins by introducing titanium or tita- 
nium-alloy raw material powder into a high-energy cryo- 
genic, attritor-type ball milling device, step 12. In step 14, 
the powder material is subjected to severe mechanical de- 
formation in an attritor-type, ball-milling device, such as 
shown in Figure 2. Referring now to Figure 2, a sectioned 
view of a high-energy attritor-type, cryogenic ball-milling 
device is shown generally as 50. A quantity of coarse 
grain, titanium or titanium-alloy powder material 52 is in- 
troduced to a stirring chamber 54 through an input 56. 
The titanium or titanium-alloy material 52 having an ini- 
tial grain size of approximately 0.05 millimeters is prefer- 



ably introduced into the cryogenic milling device in con- 
junction with liquid nitrogen at about a temperature of - 
320°F (-196°C) to form a slurry mixture. The temperature 
of the slurry mixture and the milling device is maintained 
by using an external cooling source 58 such as liquid ni- 
trogen or liquid argon. Thus, the milling device and its 
contents are supercooled to about the temperature of the 
liquid nitrogen temperature and held during the milling 
process. Of course, other gases such as liquid helium or 
argon may be used in the slurry mixture inside the milling 
device and for cooling the device itself. Further, stearic 
acid (0.20% by weight) may also be introduced into the 
device to provide lubricity for the milling process. 

[0028] Liquid nitrogen is preferred for use in the slurry mixture 
in the attritor-type ball-milling device. Other liquid gases 
such as argon or helium may also be used. Using nitrogen 
may provide additional strength and high temperature 
stabilization. Using a different liquid gas may result in a 
titanium alloy that does not have the benefits associated 
with the nitrates in the resulting microstructure. 

[0029] The stirring chamber 54 has a stirring rod 60 coupled to a 
motor 62 or similar rotational device that controls the ro- 
tational rate. The titanium or titanium-alloy powder mate- 



rial 52 contacts the milling medium such as stainless steel 
balls 64 disposed within the chamber 54. The stirring rod 
or rotating impeller 60 moves the balls 64 to achieve the 
severe mechanical deformation needed to reduce the 
grain size of the titanium or titanium-alloy powder mate- 
rial 52 by stirring, grinding, or milling action. For typical 
titanium powder material, the rotational rate is approxi- 
mately 100-300 revolutions per minute (RPM). 

[0030] By the constant mixing and severe mechanical deforma- 
tion that is achieved by the moving balls 64, the titanium 
or titanium-alloy powder material 52 is moved through 
the stirring chamber 54 to produce ultra-fine, submicron 
grain size. Once complete, the powder material exits 
through an outlet 66 or otherwise removed having a grain 
size that has been reduced to preferably between approx- 
imately 100 and 500 nanometers as a result of the mixing 
process. More preferably, the range of resulting grain size 
may be approximately 100-300 nanometers. 

[0031] The titanium or titanium-alloy powder material is re- 
moved from the stirring chamber. The titanium powder is 
agglomerated into rounded agglomerates having a high- 
level of nitrogen in addition to carbon and hydrogen ob- 
tained from the presence of the stearic acid. Also, there is 



a relatively high iron content as a result of the contamina- 
tion generated through contact with the steel ball medium 
during the cryomilling process. 

[0032] Following the cryogenic milling, the material is degassed, 
step 16, to thoroughly clean the ultra-fine, submicron 
particle size powder. The degassing process occurs in a 
nitrogen atmosphere, at approximately +850°F in a vac- 
uum of approximately 10~ 5 Torr for about 72 hours. This 
is a necessary step to decrease the high hydrogen content 
of the milled powder. 

[0033] Then, in step 18, the degassed powder material is consol- 
idated by undergoing a HIP process at approximately 
+850°F under a pressure of about 15 KSI for approxi- 
mately four hours. As mentioned above, a Ceracon-type, 
non-isostatic forging process may be used. This may al- 
low an alternative, quasi-hydrostatic consolidation pro- 
cess to the HIP process. 

[0034] As described in Figures 3A-E below, the ultra-fine, sub- 
micron grain titanium or titanium-alloy material 52 may 
then be further processed by a hot- or cold-forming tech- 
nique to form a fastener 78 according to one preferred 
embodiment of the present invention. Thus, there is no 
requirement of subsequent thermal treatments. 



[0035] As shown in Figure 3A-3E, the titanium or titanium-alloy 
ultra-fine, submicron grain material is first inserted into 
the die using a ram 63. The titanium or titanium-alloy 
material 52 is then shaped within the cold-forming die 70 
by a forming or heading ram 72. The forming or heading 
ram 72 will reactively push against the titanium-alloy ma- 
terial 52 until it abuts against the outer surface 74 of the 
die 70, thereby completely filling the inner cavity 75 of 
the die 70 with the titanium or titanium-alloy material 52. 
Next, a shear device 76 or similar cutting device cuts the 
titanium or titanium-alloy material 52, thereby forming 
the fastener 78. The forming or heading ram 72 and the 
shear piece 76 then retract or withdraw to their normal 
positions and the formed fastener 78 is removed from the 
cavity 75 of the die 70. The fastener 78 may then be sub- 
sequently processed as is well known in the art to form 
the finished part. 

[0036] Depending upon the level of hot- or cold-working per- 
formed on the titanium or titanium-alloy material 52, for 
example, the fastener 78 is optionally artificially-aged in 
an oven for a pre-determined amount of time. For com- 
mercially pure (CP) titanium, the titanium material is kept 
in the oven for approximately 12 hours at between ap- 



proximately 900°F and 950°F. Importantly, no further 
heat-treating or thermal treating step is required. The 
fastener 78 is then available, for example, for use in the 
aerospace industry or construction industry. 

[0037] of course, while Figure 3A-3E show one possible manu- 
facturing method for forming a fastener 78, other manu- 
facturing techniques that are well known in the art may be 
used as well. For example, the fastener 78 may be made 
using a cold-working technique. Further, while Figures 
3A-3E show the formation of a fastener 78, other types of 
fasteners, articles, or component parts may use a similar 
manufacturing technique. These include, but are not lim- 
ited to, two-piece non-deformable shank fasteners such 
as threaded pins and lockbolts and one-piece deformable 
shank fasteners such as rivets. 

[0038] The fasteners, such as rivets, made from the ultra-fine, 
submicron grain titanium or titanium-alloy material have 
improved ductility and fracture toughness over prior art 
titanium or titanium-alloy fasteners. Enhanced stability is 
also achieved at elevated temperatures due to the me- 
chanical cold working achieved with the microstructure. 
These fasteners are especially useful in applications such 
as in the aerospace industry. Additionally, the elimination 



of the heat or thermal treatment step eliminates sources 
of error and costs associated with the thermomechanical 
processing step. For example, the elimination of the ther- 
mal treatment alone is believed to save approximately 20% 
of the cost of manufacturing a fastener used in aerospace 
applications. Furthermore, reduced processing time by the 
elimination of the thermal treatment process is achieved. 
[0039] while the invention has been described in terms of pre- 
ferred embodiments, it will be understood, of course, that 
the invention is not limited thereto since modifications 
may be made by those skilled in the art, particularly in 
light of the foregoing teachings. 



